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The effective electroweak mixing angle sin2 is measured from the production and decay o f  the Z boson in e + e-  
interactions. The data sample corresponds to an integrated luminosity o f  18 pb" 1 with about 420000 hadronic and 
40 000 leptonic Z decays. The mixing angle sin2 0W is determined from several independent measurements: the leptonic 
and hadronic cross sections, the forward-backward asymmetries of charged leptons and b-quarks, and the r-polarization. 
The results are found to be in good agreement with each other. The value o f  sin2 0W from a fit to the asymmetries in 
a model independent method is 0.2321 ±0.0021 and from a global fit to the data in the Standard Model framework is
0.2328±0.0013.
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1. Introduction
In the Standard Model of electroweak interactions [ 1 ], the electroweak mixing angle, 0W, describes the mixing 
of the gauge fields W3 and B of the local gauge group S U (2 )L x U(1 ). For the calculation of electroweak processes 
between fermions, four basic input parameters are required apart from fermion masses and quark mixing angles. »
The on-shell renormalisation scheme uses a, Mw, M z  and the mass of the Higgs particle as input parameters.
QCD [2] adds one more parameter, the strong coupling constant qs. The electroweak mixing angle is defined 
by the relation
sin2 0w = 1  — M^¡ /  M z  ) ( 1 )
where Mw and M z  are the physical masses of the W and Z boson.
The Z mass is measured from the peak position of the Z lineshape at LEP with high precision [3,4], a$ is 
determined at LEP from analysis of hadronic Z decays [5]. An additional constraint can be obtained from the 
Fermi coupling constant, Gr, measured in muon decay. As a is well determined, the Standard Model still requires 
two unknown parameters, typically taken as the mass of the top quark, M u and the mass of the Higgs particle,
Mh. One can consider sin2 6W instead of M t as a free parameter. The effect of the Higgs mass on cross sections and 
asymmetries is rather small. At LEP we measure the effective electroweak mixing angle, sin2 0W, which includes 
weak radiative corrections.
In this paper, we use the measurements of the cross sections of hadrons and charged leptons [3], the forward- 
backward asymmetries of the charged leptons (/ipB) [3] and bottom quarks MpB) [6], and the r-polarization 
asymmetry (Pr ) [7] for a precise determination of the electroweak mixing angle. We test if the Standard Model 
describes the different measurements with a unique value of the electroweak mixing angle.
2. Effective coupling constants
It is important to determine the electroweak parameters independently of assumptions about the two unknown 
parameters, M x and M h- The model independent approach introduces an additional parameter p which denotes 
the ratio of the neutral to charged current coupling constants. This ratio is unity in the Standard Model at the tree 
level. Radiative corrections can be separated into QED corrections and weak corrections. The QED corrections, 
which depend on the acceptance of the detector and on cuts used in the analysis, are always taken into account 
for calculating the theoretical predictions. Since the weak corrections cannot be calculated outside the framework 
of the Standard Model, we do not apply weak corrections, but absorb them into the definition of the fitted_f
parameters. As a result, at LEP one measures the effective electroweak mixing angle, sin2 0W, where f denotes 
the flavour, which absorbs the weak corrections
sin 0W =  fcf sin 0w, (2 )
/if accounts for all weak corrections. Standard Model calculations show that /cf is flavour independent within 
0.04% with the exception of b-quarks. We, therefore, take sin2 0W to be the effective electroweak mixing angle for 
all fermions except b-quarks. For b-quarks the vertex correction is large due to the virtual top quark contribution. 
The two determinations of sin2 0W can be related by [8]
sin2 0w =  (1 +  ^A7>)sin2 #w,
&
A p ~ 3 G FM ? ß n 2\ /2 .
(3)
(4)
S «
For M  =  150 GeV the value of sin2 6^ is 0.4% larger than sin2 Öw. The parameter p {=  1 + Ap) is the effective 
p parameter.
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The effective vector and axial-vector couplings of the Z to light fermion pairs are given by
§& — \f~P 1 3 9
g v =  y f p  ( h  -  2ß s i n 2 0W) ,
where ƒ3 and Q are respectively the weak isospin and charge of the fermion.
The expressions for ApB, A^B and PT in terms of sin2 6W at y/s — Mz  are [9]
[1 + (1 -  4sin2 (9w)2]2 + { K ¡ Í \ ) r h M \
3(1 -  4sin2 0w)/?(l -  ^sin20Í,)
[1 + (1 -  4 sin2 0W)2] [ß2 +  \ d - ß 2)(\  -  f s in 2Ö*) ] + {K /p ep h)(r¿ /M ¡)  |(1  + 2(jW2/M 2))
TT .2
PAM l)  = 2(1 -  4 sin2 ff w ) [ 1 + (1 — 4 sin2 0W ) ]
[1 + (1 - 4 s i n 2 0w)2]2 + ( K l p j ) r i l M l '
(5)
(6)
(7)
(8)
(9)
where ß  - ^ ( 1  -  4 M b is the mass of the b-quark, K  =  16sin40wcos40w and p t and p b are the p 
parameters for the leptons and b-quarks. In the above expressions, for the sake of clarity, the correction due 
to photon vacuum polarization has been omitted. For comparison with data we use the complete ^-dependent 
expressions with QED corrections which take into account initial and final state radiation.
3. The L3 detector
The fiducial solid angle of the L3 detector [10] is 99% of 4n. L3 consists of a time expansion chamber 
(TEC) for tracking charged particles, a high resolution electromagnetic calorimeter of BGO crystals, a barrel of 
scintillation counters, a hadron calorimeter with uranium absorber and proportional wire chamber readout and a 
muon spectrometer. The luminosity is determined from small-angle Bhabha scattering using BGO electromagnetic 
calorimetry in the polar angle ranges 0 and n -  6 between 24.93 and 69.94 mrad. All subdetectors are installed 
inside a 12 m diameter solenoidal magnet which provides a uniform 0.5 T field along the beam direction.
4. Event selection
We briefly summarize the selection of various types of events; for details see refs. [3,6].
-  The selection of e+ e" —»• e* e" (y ) events is based mainly on information from the electromagnetic calorime­
ter. Background from hadronic events is suppressed by requiring that events have less than 8 reconstructed clus­
ters in the electromagnetic calorimeter, and t +t -  events are rejected by requiring that the most energetic cluster 
in the electromagnetic calorimeter has energy > 0.85 ^beam-
-  Events of type e+e“ —> ß +p~ (y)  are required to have two tracks in the muon chamber system with one 
muon track with momentum greater than \ E beam, Cosmic ray background is removed by demanding the muon 
track to be within 3 nsec of the beam gate.
-  The selection of e+ e_ —» T+T~(y) events requires the total energy in the electromagnetic calorimeter to 
be larger than 2 GeV and the two most energetic electromagnetic clusters to have energies below 90% and 65% 
of the beam energy. This removes background from e+ e~ final states. Similarly the background from
is suppressed by requiring that the momentum measured in the muon chambers is less than 0.9£beam for the 
most energetic and 0.4 ¿beam for the second most energetic muon candidate in the event. Hadronic events are 
suppressed by applying an upper limit of 12 calorimeter clusters.
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-  The event selection for e+ e~ hadrons is based on the energy depositions in the electromagnetic and 
hadronic calorimeters. Backgrounds due to beam-wall interactions, beam-gas interactions, two-photon events 
and cosmic ray showers are suppressed by cuts on the total visible energy, Ev¡s, and by restricting the longitudinal 
and transverse energy imbalances to |£ | | | / £ Vis < 0.6 and |£j.|/£vis < 0.5.
-  Hadronic events are used to further select e+e-  —► bb. We use electrons and muons from the semileptonic 
decay of b-quark to select these events. Because of the hard fragmentation and large mass of the b-quark, leptons 
from b-quark decay have large momentum (p) as well as large transverse momentum (p±)  with respect to the 
nearest jet. By putting a lower limit on both p  (3-4 GeV) and p±  (1 GeV), bb event selection purity reaches 85%.
5. Results
This analysis is based on the following sets of data, summarized in tables 1 to 3, corresponding to an integrated 
luminosity of ~  18 pb “ 1, collected with the L3 detector at LEP in 1990-91:
-  4 sets of cross section measurements of e+ e” —> e+ e~, , t+t-  and hadrons [5];
-  3 sets of forward-backward asymmetry measurements of charged leptons (v4pB) in e+e_ —> e+e“ , 
and t+ t " [5];
-  Forward-backward asymmetry of  b-quark in e+e~ —» bb [6];
-  Measurement of r-polarization [7],
To fit the data, we use ZFITTER [11] in the L3 lineshape fitting program which uses MINUIT [12] for 
minimisation. ZFITTER takes into account initial and final state photon radiation and corrections due to photon 
vacuum polarization. Two separate fitting procedures are followed:
Table 1
Measured hadronic and leptonic cross sections, extrapolated to the full solid angle (except cree). ffee is the electron cross 
section measured in the range 44° < 6 < 136° with an acollinearity cut of f < 25°. An overall luminosity error of 0.6% has 
to be added to the systematic errors.
(GeV) crhad (nb) (7ec ( n b ) <jMl (nb) oxx (nb)
data 1990 88.231 4.53±0.11 0.334±0.030 0.268±0.033 0.228±0.037
89.236 8.50±0.14 0.532±0.034 0.387±0.038 0.439±0.047
90.238 18.60±0.25 0.895±0.050 0.929±0.063 0.920±0.077
91.230 30.38±0.12 1.051±0.019 1.476±0.028 1.463±0.033
92.226 21.78±0.26 0.715=h0.043 1.115±0.066 1.095±0.078
93.228 12.36±0.16 0.405±0.029 0 .505 i0 .040 0.599±0.05I
94.223 8.20±0.14 0.223±0.022 0.404±0.036 0.427±0.043
sys. error 0.3% 0.5% 0.8% 1.5%
data 1991 91.254 30.43±0.10 1.030db0.014 1.497±0.020 1.505±0.025
88.480 5.17±0.09 0.400±0.023 0.235±0.021 0.236±0.024
89.470 10 .08 i0 .12 0.574±0.026 0.478±0.028 0.531 zb0.035
90.228 18.12±0.18 0.792±0.032 0.866±0.039 0.885±0.047
91.222 3 0 .2 6 ± 0 .13 L065±0.019 1.381Í0.026 1.447±0.032
91.967 24.51±0.24 0.798±0.033 1.165±0.048 1.224±0.059
92.966 14.36zh0.16 0.431±0.024 0 .686 i0 .036 0.641±0.041
93.716 10.02i0 .13 0.302±0.019 0.478±0.028 0.535±0.036
sys. error 0 .2% 0.5% 0.5% 0.7%
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Table 2
Measured forward-backward asymmetries of leptonic Z decays. is the j-channel contribution to the electron forward-
backward asymmetry, extrapolated to the full solid angle. ApB and A^B are the asymmetries measured with an acollinearity 
cut o f f  < 15°.
(GeV) ^FB ^FB ^FB
data 1990 88.231 -0.034±0.276 -0.39 ±0.12 ~0.42±0.20
89.236 -0.205±0,161 -0.04 ±0.11 -0.09±0,15
90.238 -0.111±0.107 -0.184±0.074 -0 ,18±0.11
91.230 -0.023±0.028 0.006±0,021 0.07±0.03
92.226 -0.042±0.085 0.110±0.066 -0.04±0.10
93.228 0.053±0.094 0.095±0.091 0.11 ± 0.12
94.223 0.129±0.148 0.134±0.099 0.02±0.13
sys. error 0.005 0.005 0.01
data 1991 91.254 0.001± 0.020 0.018±0.015 0.037±0.021
88.480 —0.013±0.157 -0.15 ±0.10 -0.11 ±0.13
89.470 -0.126±0.099 “ 0.20 ±0.07 -0.152±0.083
90.228 -0.100±0.075 —0.041 ±0.052 -0.137±0.070
91.222 0.019±0.027 0.013±0.021 -0.032±0.029
91.967 0.103±0.055 0.060±0.045 0.042±0.063
92.966 0.098±0.072 0.122±0.058 0.161±0.079
93.716 0.165±0.085 0.084±0.067 0.058±0.082
sys. error 0,005 0.005 0.006
Table 3
Forward-backward asymmetries of bb and r  polarization.
(GeV) ^FB
89.67 0.025 ± 0.051
91.24 0.097 ± 0.017
92.81 0.062 ± 0.042
(GeV) Pt
91.212 -0.132 ± 0.026 ± 0.021
Standard Model f i t : QED as well as weak radiative corrections are taken from the Standard Model. The free 
parameters are M z , top quark mass {Mi ) ,  Higgs boson mass ( Mu)  and the strong coupling constant ( a s ). In 
this fit ZFITTER accounts for contributions upto 0 ( a a s) and O( Mx) .
Model Independent Method : QED corrections are taken into account with an energy dependent Breit-Wigner 
shape for the determination of Z parameters. A slight dependence on the Standard Model parameters M x and Mu 
enters into this method for the calculation of the y-Z interference term, and the /-channel and s - t  interference 
terms in e+ e-  e+ e_ . The effect o f  this is studied by changing M x in the range 90 to 250 GeV and Mu from 
60 to 1000 GeV. The fitted value of M z  changes by MeV; the change in other parameters is found to be less 
than 5% of their error.
We have used the model independent method to determine the mass, the total width and partial widths by 
fitting the total cross sections for e+ e~ e+e- , t+ t” and hadrons. In addition to the experimental
errors, which include statistical and systematic uncertainties, we have taken into account the errors on the center
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of mass energy as estimated by the LEP energy working group [13]. The fitted values of the Z mass, total width 
and partial widths thus obtained are, with ^ 2/D O F  =  53/56:
M z =  91195 ± 9  MeV, 
r z  =  2490 ±  11 MeV, 
r h =  1747 ±  11 MeV,
Ft =  83.1 ± 0 .5  MeV.
5.1. sin2 6w in the standard model framework
In this section we describe the determination of sin2 Öw in the Standard Model framework. Fits are carried 
out using ZFITTER with Mz and M t as the free parameters, sin2 6>w is then determined using the Standard 
Model relation. The data are fitted with a fixed value of Mh =  300 GeV and constraining the value of cts to
0 .124±0.006 [5]. The effect of Mh is studied by varying it from 60 GeV to 1000 GeV. This effect is found to 
be ±0:0001 in sin2 0W. The results from the following fits are summarized in table 4.
sin2 0w from  ƒ}: Here we fit to the measured value of r¿ obtained from the model independent fit to the cross 
section data. In addition we constrain Mz to the measured value.
sin2 0W from Fz: The fit is carried out using the measured value of / z  and M z  from the cross section data. 
sin2 6^ from AyB In these fits we use (i) the asymmetry data from charged leptons, (ii) y4fB, (iii) PT and (iv) 
all the asymmetry data ApB> ApB and Px. M z  is constrained to the measured value given above.
sin2 6 w from cross section and asymmetry measurements: Here we perform a global fit to all the data, that is, the 
cross section data, the charged lepton asymmetries, the bb asymmetry and the r-polarization, in the framework 
of the Standard Model. A good fit is obtained with £ 2/D O F  — 84/105.
The values of sin2 6W and Mt determined with the global fit in the Standard Model framework are:
sin2 0W =  0.2328 ±  0.0013 ±  0.0001 >
M  =  152 *46 ±  20 GeV,
corresponding to a value of  sin2 0W, as defined in eq. ( 1 ), to be 0.2268 ío.o 005 ■ second error corresponds 
Table 4
sin2 0w determined in the Standard Model framework. In the determinations using Mz and only ƒ}, A^B and PT, the positive
errors quoted, denoted by are constrained by the measurements of a, Gf> Mz which restrict sin2 9W < 0.2360 at Mh 
= 300 GeV.
Measurements used sin2 0W
Mz, r¿ O 1 4-0.0009 * u .z j j i x 00019
Mz, Fz 0.2330±0.0017
Mz,
Mz, - f^b
Mz> Pt
O 997Q4-0.004Q 
u , ¿ ¿ / 7 1 0.0035
a 9-3 0.0025 * 
U-¿ J J J X 0.0030
0 2326±0*0034 *u.¿j>zo=n  4
Mz, Ae¥B> v4pg, PT 0.2319±0.0022
all data 0.2328±0.00i3
458
Volume 309, number 3,4 PHYSICS LETTERS B 15 July 1993
0.236
0.234
I CD
CVJ
C
C/3
0.232
68% CL
0.23
91.18 91.19
M
MH = 300- 1000 GeV 
Mh = 60 GeV
(a)
91.2
(GeV)
91.21
0.236
0.234
I CD
CMe
'c/D
0.232
0.23
68% CL Mh = 60 GeV 
Mh = 300 GeV
50 100
Mt
150
(GeV)
200
(b)
250
Fig. 1. 68% confidence level contours obtained from a fit to the L3 data in the Standard Model framework: (a) s in2 0w 
versus M z  for Higgs masses o f  60 GeV (dotted line), 300-1000 GeV (solid line); (b) sin2 6W versus M t for Higgs masses 
o f  60 GeV (dotted line), 3 0 0 'GeV (solid line) and 1000 GeV (dashed line).
to a variation of the Higgs mass between 60 and 1000 GeV. Fig. 1 shows contour plots of sin2 6 W versus M z , and
sin 0 w versus My at the 68% CL for different values of Mh. 
5.2. sin2 0w in the model independent method
In this section we describe the model independent determination of sin2 0W using all the asymmetry data and 
the four cross section data sets. The cross sections determine the mass and total width of Z, while the asymmetries 
measure sin2 0w. The dependence of  the asymmetries on sin2 6>w are described by eqs. (7 )~ (9); they depend 
weakly on M z  and Fz. Fits have been carried out using ZFITTER in the model independent method . Lepton 
universality is assumed in carrying out the fits. The results are summarized in table 5.
sin2 6^ from  /lpB: Here we use the 3 sets of forward-backward asymmetry measurements (/Ifb) along with 
the four sets of cross section data. Free parameters of the fit are: Afz , /z ,  Fh, p  and sin 0W.
sin2 0w from  ^ f b : In this fit we use the bb asymmetry measurements together with the cross section data.______________________________________________^
Compared to the ^ fb  case> we need sin2 0W and ~ph for as in eq. (8). We rewrite sin2 6W in terms of sin2 0W 
and M\ using eq. (3) and take ~ph from the Standard Model. Thus our free parameters of the fit are the same 
as above. The effect of M t on the fitted sin2 6W is studied by varying it from 90 to 250 GeV, and it is found to 
change the fitted value by less than 0.0001. We have also studied the effect of M\ arising from eq. (3) by refitting 
the data for a fixed value of /?b. We find that the variation in Mt from 0 to 250 GeV changes sin2 0W by only
0.00004. Thus at current precision we can replace sin2 0w by sin2 0w in eq. (8) [14]. 
sin2 0W from Px: The free parameters in this case are identical to the first case.
sin Ovffrom ^ p B) 4^pB, PT: The fitted values o f  sin 0W, as measured in the above three cases, refer to the same 
definition of  sin2 0W [15]. Hence to get the best value of sin2 dw from our asymmetry measurements we carry 
out a simultaneous fit to all the three types of the asymmetry data along with the cross section data assuming 
lepton universality.
The combined fit to all data in the model independent method yields
#1 We have repeated the fits by using only the asymmetry data and by constraining M z  an_d Fz to our measured values. 
In this procedure, one needs to assume ~p from the Standard Model. The values of sin2 6W thus obtained are found to 
differ from the values quoted in table 5 by less than 0.0001. The effect of taking ~p from the Standard Model is studied 
by changing Mt from 90 to 250 GeV, and it is found to change the fitted value of sin2 0W by less than 0.00002.
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Table 5
sin2 #w  determined in the model independent method.
Measurements used x2/ d o f sin2 0w P
(7 S,
O  S, -Äpß
<r% Px
82/100
55/58
53/56
0.2283 ± 0.0036 
0.2336 ± 0.0029 
0,2326 ± 0.0043
0.9933 ± 0.0063 
0.9961 ± 0.0063 
0.9956 ±  0.0065
O  S, ^ F B ’ ^ 7 86/104 0.2321 ± 0.0021 0.9957 ± 0.0060
0.24
Fig. 2. 68% and 95% confidence level contours of sin2 0W 
versus ~p obtained from a fit to the L3 data in the model 
independent approach. The lines indicate Standard Model 
predictions for various lop and Higgs masses. The open 
circles correspond to top mass values of 100 and 200 GeV.
sin2 #w = 0.2321 ±  0 .0 0 2 1 ,
’p = 0.9957 ±0.0060.
Fig. 2 shows the 68% and 95% confidence level contour plots of sin2 0W versus ~p together with Standard Model 
predictions.
0,235
<X>COC
CO
0.23
Mh = 60 GeV 
Mh = 300 GeV 
MH = 1000 GeV
0.225
0.98 Û.99
P
1 1.01
6. Conclusions
From a data sample of 420 000 hadronic and 40 000 leptonic Z decays recorded by the L3 detector we have 
determined the effective electroweak mixing angle, sin2 0Ws with several methods: (i) from Standard Model fits 
to Mz  and JJ, Mz  and r z , M z and Afes,  (ii) from a global fit to the cross section and asymmetry data in 
the Standard Model framework and (iii) from AeF%, ^fb and Px in a model independent way. The results, as 
summarized in fig. 3, are in very good agreement with each other.
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Fig. 3. Values of sin2 6W from tables 4 and 5 determined (a) 
in a model independent fit using leptonic charge asymme­
tries, b-quark charge asymmetry, tau polarization, and the 
combined data; (b) within the Standard Model by using I}, 
/z, charge asymmetries /ipB, /4£B, Px, and from a global fit
to all data sets. As in table 4, the upper limits on sin2 0W 
from the Mz plus one of (/}, PT) fits are constrained
by sin2 tfw < 0.2360 at Mu = 300 GeV.
The model independent value of sin2 6W from the three measured asymmetries is: 0.2321 ±  0.0021. Within the 
framework of  the Standard Model a global fit to all the data yields sin2 0W =  0.2328 ±  0.0013.
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